The possibility of inducing a suspended animation state similar to natural torpor would be greatly beneficial in medical science, since it would avoid the adverse consequence of the powerful autonomic activation evoked by external cooling. Previous attempts to systemically inhibit metabolism were successful in mice, but practically ineffective in nonhibernators. Here we show that the selective pharmacological inhibition of key neurons in the central pathways for thermoregulatory cold defense is sufficient to induce a suspended animation state, resembling natural torpor, in a nonhibernator. In rats kept at an ambient temperature of 15°C and under continuous darkness, the prolonged inhibition (6 h) of the rostral ventromedial medulla, a key area of the central nervous pathways for thermoregulatory cold defense, by means of repeated microinjections (100 nl) of the GABA A agonist muscimol (1 mM), induced the following: (1) a massive cutaneous vasodilation; (2) drastic drops in deep brain temperature (reaching a nadir of 22.44 Ϯ 0.74°C), heart rate (from 440 Ϯ 13 to 207 Ϯ 12 bpm), and electroencephalography (EEG) power; (3) a modest decrease in mean arterial pressure; and (4) a progressive shift of the EEG power spectrum toward slow frequencies. After the hypothermic bout, all animals showed a massive increase in NREM sleep Delta power, similarly to that occurring in natural torpor. No behavioral abnormalities were observed in the days following the treatment. Our results strengthen the potential role of the CNS in the induction of hibernation/torpor, since CNS-driven changes in organ physiology have been shown to be sufficient to induce and maintain a suspended animation state.
Introduction
Suspended animation is a temporary and fully reversible condition characterized by hypometabolism and deep hypothermia, during which physiological functions are slowed down. In mammals, this condition spontaneously occurs under the form of torpor and hibernation, which are triggered by environmental factors (Melvin and Andrews, 2009 ). The cellular and molecular mechanisms of natural suspended animation are still unknown (Carey et al., 2003) , but since hypothermia is preceded by a metabolic rate reduction (Heldmaier et al., 2004) , it has been hypothesized that two basic players take part in inducing a reduction in metabolism: humoral factors (Andrews, 2007) and the CNS (Drew et al., 2007) .
The intervention of humoral factors has recently been highlighted by the induction of a suspended animation state in mice, a species where torpor occurs naturally, by the administration of several substances interfering with cell metabolism (Scanlan et al., 2004; Blackstone et al., 2005; Gluck et al., 2006; Zhang et al., 2006) . However, the translational outcomes of this approach (Lee, 2008) have been hampered, so far, by the failure to replicate these results in nonhibernators (Haouzi et al., 2008 , Zhang et al., 2009 . Although the intervention of the CNS in determining natural suspended animation remains largely unexplored (Drew et al., 2007) , the increase in heat loss and the decrease in heat generation that follow the chemical manipulation of the central nervous pathways for thermoregulatory cold defense (Morrison and Nakamura, 2011) suggests that the reduction in metabolism may also be actively driven by the CNS.
A key area in the central nervous pathways for thermoregulatory cold defense is the rostral ventromedial medulla (RVMM), a region including the raphe pallidus (RPa) and the raphe magnus, where the putative sympathetic premotor neurons to the brown adipose tissue (BAT), the cutaneous blood vessel, and the heart are located (Cano et al., 2003) . The activation of RPa neurons has been shown to promote nonshivering (Morrison et al., 1999) and shivering (Nakamura and Morrison, 2011) thermogenesis, cutaneous vasoconstriction (Blessing and Nalivaiko, 2001) , and an increase in heart rate (Zaretsky et al., 2003) . Also, the short-term inhibition of RVMM neurons in free-behaving rats has been shown to cause a modest hypothermia (Zaretsky et al., 2003) through an increase in cutaneous heat dissipation and, probably, through a reduction in heat produced by the BAT (Cerri et al., 2010) . The aim of this study was to test the possibility of inducing a suspended animation state in the free-behaving rat by means of a prolonged blockade of the central nervous pathways for thermoregulatory cold defense, through the pharmacological inhibition of the RVMM.
By choosing a nonhibernator we aimed to explore a possible translational extension of the results in view of the hypothesis that the capacity for suspended animation may represent a common trait for mammals (Harris et al., 2004) . To assess whether the effects induced by muscimol resembled those observed in natural hibernators during and/or after a torpor bout, we monitored some autonomic parameters and related indices, wakesleep behavior, and electroencephalographic (EEG) activity.
Materials and Methods
Ethical approval. The experiments were performed with the approval of the Comitato Etico-Scientifico dell'Università di Bologna (EthicalScientific Committee of the University of Bologna), in accordance with the European Union Directive (86/609/EEC) and under the supervision of the Central Veterinary Service of the University of Bologna and the National Health Authority. All efforts were made to minimize the number of animals used and their pain and distress.
Surgical procedures. Male CD Sprague Dawley rats (n ϭ 22; Charles River Inc) were deeply anesthetized [diazepam; (F. Hoffmann-La Roche), 5 mg/kg, i.m., followed by ketamine-HCl (Ketavet; ParkeDavis), 100 mg/kg, i.p.] and placed in a stereotaxic apparatus (David Kopf Instruments) with the incisor bar set to keep the bregma and lambda on the same horizontal plane. Animals were surgically implanted with the following: (1) electrodes for EEG and nuchal electromyographic (EMG) recording; (2) a catheter placed into the femoral artery for the telemetric recording of arterial pressure (AP) (PA-C40; DataSciences International); (3) a hypothalamic thermistor (B10KA303N; Thermometrics) mounted inside a stainless-steel needle (21 gauge) stereotaxically implanted above the left anterior hypothalamus to record the deep brain temperature (T brain ); and (4) a microinjection guide cannula (C315G-SPC; Plastics One; internal cannula extension below guide: ϩ3.5 mm), stereotaxically positioned to target the RVMM. Considering that a modest hypothermia was elicited by the injection of the GABA A agonist muscimol within an extended region of the RVMM (Cerri et al., 2010) , the cannula was placed within the following coordinate range: Ϫ3.0 to Ϫ4.0 mm posterior to lambda, 0.0 mm lateral to the midline, Ϫ9.0 to Ϫ9.5 mm ventral to the dorsal surface of the cerebellum. Optimal cannula positioning was assessed as described below, after which the cannula was then secured to the skull with four stainless steel screws and acrylic dental resin. After surgery, animals received 20 ml/kg saline subcutaneously and 0.25 ml of an antibiotic solution (penicillin G, 37500 IU; streptomycin-sulfate, 8750 IU) intramuscularly. Animals recovered from surgery for at least 1 week, initially in their home cage and subsequently, for at least 3 d, in a Plexiglas cage with a stainless steel grid floor (wire diameter ϭ 2 mm, interwire distance ϭ 10 mm). The cage was positioned within a thermoregulated sound-attenuated chamber where animals were kept throughout the experiment. During recovery from surgery, animals were kept at an ambient temperature (Ta) of 24°C Ϯ 0.5°C and under a 12 h light/dark cycle (light on at 0900, 100 lux at cage level), and had access to food and water ad libitum . The cage was also equipped with an infrared thermocamera (Thermovision A20; FLIR Systems), positioned under the stainless steel grid floor, to measure cutaneous temperature.
Cannula positioning. In a previous study from our lab (Cerri et al., 2010) it was shown that that a single muscimol injection in either the rostral portion (localized at the level of the nucleus of the seventh cranial nerve) or the caudal portion (localized at the level of the inferior olive) of the RVMM evokes a massive cutaneous vasodilation. This suggests that a population of tonically active neurons controlling cutaneous vasomotion is distributed throughout the entire RVMM. A consolidated literature on the localization of the sympathetic premotor neurons to the BAT (Cano et al., 2003; Nakamura et al., 2004) showed a nonhomogeneous distribution of neuronal phenotypes within the RVMM, with a prevalence of glutamatergic VGLUT3 positive neurons in the rostral portion and a prevalence of serotoninergic neurons in the caudal portion of the RVMM. Since a discrimination of the role played by these two populations in inducing hypothermia was not among the aims of the present study, we targeted the central portion of the RVMM for the microinjections.
To further assess the functional activity of the cannula location site, a microinjection of muscimol (1 mM, 100 nl) was performed during surgery and the degree of tail vasodilation was monitored by infrared thermography. The target area was therefore more precisely defined in functional terms than in anatomical terms. Animals (n ϭ 3) that did not show any response to the muscimol injection during surgery were not admitted to the experimental protocol. The injection site of these animals was also marked and histological sections of the brain were prepared as described below.
Experimental protocols. After recovery from surgery (1 week to 10 d), starting at light onset, animals were exposed to novel ambient conditions that are known to favor the occurrence of a hypometabolic state in hi- bernators: Ta 15°C, constant darkness and a high-fat diet (35% fats, Mucedola). During the fourth day of exposure (Injection Day), starting at 1100 h, two groups of animals were injected with either the GABA A agonist muscimol [(the M28 (n ϭ 7) and M37 (n ϭ 6) group) or saline 0.9% (the Saline group (n ϭ 6))] into the RVMM. Each animal received, starting from 11:00, a total of six injections (1/h) (see below, Microinjection procedures).
In consideration of the low T brain reached at the end of the injection period, a strong activation of the sympathetic nervous system was expected when the effect of the drug had worn off. An assisted rewarming strategy was used, therefore, to reduce the sympathetic activation by increasing Ta. However, to evaluate the safest strategy to assist the regaining of normothermia, two different rewarming protocols were tested. According to these, at 17:00 h, to favor the rewarming of hypothermic animals, Ta was raised for both groups (Saline and M28) and kept at 28°C for the rest of the Injection Day and for the following day (Recovery Day). A third group of animals (the M37 group) was injected with muscimol according to the previous protocol, but at the 1700 h of the Injection Day Ta was taken from 15-37°C and, then, after 1 h (the time needed for the return of T brain to physiological levels) it was decreased and kept at 28°C. This procedure was aimed at helping hypothermic animals to recover normothermia without any major metabolic effort. For the three groups, recordings were performed for three consecutive days: the day preceding the Injection Day (Day 1), the Injection Day (Day 2), and the Recovery Day (Day3). After Day 3, animals were hosted in the animal house under standard laboratory conditions and were inspected every day to evaluate the possible appearance of long-term post-treatment effects.
Microinjection procedures. The microinjection apparatus was located outside the sound-attenuated recording chamber so that animals remained unaware and undisturbed by the injection procedure. All microinjection procedures were performed as follows. At 10:55, under a dim red light, a microinjecting cannula was inserted into the guide cannula (without removing the animal from its cage). The injection system consisted of a Hamilton 5 l gastight syringe (Hamilton) positioned in an infusion pump (MA 01746; Harvard Apparatus, infusion rate 0.3 l/ min) and connected to the internal cannula through 1 m of microdialysis FEP tubing (ID 0.12 mm, OD 0.65 mm; Microbiotech/se AB). The cannula and the tube were filled with either the GABA A agonist muscimol (1 mM) dissolved in vehicle solution (saline, NaCl 0.9% w/v) or vehicle solution only, while the syringe was filled with colored mineral oil. During each injection (average duration: 30 Ϯ 5 s), the volume of injectate (100 nl) was microscopically assessed by the movement of the oilinjectate interface over a ruler. Drugs for microinjection were obtained from Tocris Bioscience. Unless strictly necessary, the internal cannula was not extracted from the guide cannula until the end of the experiment, and it was gently removed 30 min after the last injection.
Histology. At the end of the experiment, the injection site was marked with 80 nl of Fast Green 2% dye. Rats were anesthetized with ketamine as described above and transcardially perfused (4% 40 g/L paraformaldehyde). The brain was extracted and postfixed overnight with 4% paraformaldehyde and then cryoprotected (30% 200 g/L sucrose). The medulla was cut (60 m) coronally on a cryostat and sections containing a dye spot were digitally photographed. Two examples of injection site are shown in Figure 1 .
Signal recording and data analysis. The EEG, EMG, and T brain signals were recorded by means of insulated copper wires connecting the headsocket to a swivel, amplified (Grass 7P511L; Astro-Med), filtered (EEG: highpass 0.3 Hz, lowpass 30 Hz; EMG highpass 100 Hz, lowpass 1 kHz; T brain highpass 0.5 Hz), 12-bit digitalized (Micro MK 1401 IIl; CED; acquisition rate: EEG, 1 KHz; EMG, 1 KHz; T brain , 100 Hz), and acquired on a digital hard drive. AP signal was telemetrically recorded, amplified, and digitally stored on a hard drive (acquisition rate: 500 Hz). Heart rate (HR) was derived from AP peak detection. Digital images from the thermocamera were acquired at 1 frame/s and the temperature of the tail (T tail ) was determinated by analyzing the thermographic record (Thermocam Researcher; FLIR Systems). Examples of the recorded autonomic and EEG variables and infrared images are shown are shown in Figure 2 . T tail was measured in the medial portion of the tail using the recorded infrared images. Heat loss index (HLI) for the M28 group was calculated according to Romanovsky et al., (2002) .
EEG power spectrum was calculated from a 4 s long 1 s sliding window. EEG total power and power bands (Delta, 0.5-4.5 Hz, Theta, 5.0 -9.0 Hz; Sigma, 11.0 -15.0 Hz) were normalized to the mean value (100%) of the Day 1 (baseline) recording. Sleep stages were visually scored by an operator (1 s resolution), using a script developed for Spike2 (sleep score). Wake, NREM sleep, and REM sleep were scored according to standard criteria based on EEG, EMG, and T brain signals (Franken et al., 1991; Cerri et al., 2005) . The time for the minimal duration of a wake-sleep episode was set at 4 s for Wake and 8 s for NREM sleep and REM sleep (Cerri et al., 2005) .
Due to technical problem in the hypothalamic thermistor in one animal in the M28 group, T brain data were analyzed on six animals.
Values are reported as mean Ϯ SEM. A twoway repeated-measures ANOVA (SPSS 19.0) was used for the statistical analysis of the results of Day 2 and, with a different time resolution, of Day 1 and Day 3. In both cases, the modified t test (t*) was used for preplanned orthogonal and for preplanned nonorthogonal contrasts (Wallenstein et al., 1980; Winer et al., 1991) . In the latter, the ␣ level was adjusted using the sequential Bonferroni method (Holm, 1979) . For the analysis of Day 2, the main factors were defined as follows: (1) the factor "time" (which was considered for repeated measures) had 48 levels, corresponding to each 30 min interval of the whole 24 h period and (2) the factor "Experimental Condition" had three levels (Saline, M28, and M37). For each 30 min interval of the factor time, data were compared by means of orthogonal contrasts as follows: Saline versus [M28 ϩ M37]; M28 versus M37. The following preplanned nonorthogonal contrasts were tested: Saline versus M28; Saline versus M37.
For the analysis of Day 1 and Day 3, the main factors were defined as follows: (1) and EEG total power, while MAP changed to a much lesser extent. No major effects were observed after repeated injections of saline (Saline group, empty circles; n ϭ 6). After 1 h from the last injection, a rewarming period was started by increasing Ta from 15 to 28°C (M28 group, gray-filled circles; n ϭ 7, n ϭ 6 for T brain ), or from 15 to 37°C for 1 h, returning to 28°C afterward (M37 group, black-filled circles; n ϭ 6). This 
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Effects of RVMM inhibition on autonomic parameters and EEG total power
The effects induced by the inhibition of RVMM neurons on autonomic parameters and EEG total power are shown in Figure 3 . In both the M28 and M37 groups, T brain dropped promptly after the first of the six muscimol injections and progressively diminished for the following 6 h, reaching a nadir of either 22.80 Ϯ 0.77°C (M37 group) or 22.44 Ϯ 0.74°C (M28 group). Both values were significantly different (M28: t* (705) ϭ 25.75, p Ͻ 0.01; M37: t* (705) ϭ 25.11, p Ͻ 0.01) from those observed within the same time window in the Saline group (37.06 Ϯ 0.32°C). HR was also progressively reduced by muscimol injections in both the M37 group (from a baseline of 440 Ϯ 13 bpm in the 30 min preinjection to a nadir of 207 Ϯ 12 bpm) and the M28 group (from a baseline of 438 Ϯ 12 bpm to a nadir of 194 Ϯ 12 bpm). Both values at nadir were significantly different (M28: t* (752) ϭ 14.06, p Ͻ 0.01; M37: t* (752) ϭ 13.12, p Ͻ 0.01) from those observed during the same time window in the Saline group (443 Ϯ 12 bpm). Mean arterial pressure (MAP) did not appear to be substantially affected by the muscimol injections, since it diminished modestly only at the end of the 6 h injection period. This decrease reached statistical significance (t* (752) ϭ 4.50; p Ͻ 0.01) compared with the saline group in the M28 group only. Total EEG power was significantly reduced by the injections of muscimol in both the M28 group (from 88 Ϯ 6% in the 30 min pre-injection to a nadir of 25 Ϯ 3%; t* (752) ϭ 3.88, p Ͻ 0.01 vs saline in the same time window) and the M37 group (from a baseline of 83 Ϯ 12% in the 30 min pre-injection to a nadir of 38 Ϯ 9%; t* (752) ϭ 4.05, p Ͻ 0.01 vs saline in the same time window). The increase in Ta from 15 to 28°C induced a progressive increase in T brain in the M28 group, which reached values similar to those observed in the Saline group after ϳ3.5 h. Not surprisingly, normothermia was reached more rapidly (1.5 h) in the M37 group than in the M28 group. When compared with the Saline group, no significant differences in the time course of T brain in the M28 or M37 group were observed after the return of T brain within the normal physiological range. The increase in Ta from 15 to 28°C also induced, in the first 3 h, a decrease (from 443 Ϯ 12 to 367 Ϯ 7 bpm) in HR in the Saline group, which was followed by a slow increase in the second half of the night. During the same 3 h window, in the M28 group HR increased from 194 Ϯ 12 to 431 Ϯ 8 bpm, and converged to values that were not significantly different from those of the Saline group in the second part of the night. In the M37 group, the increase in HR was faster than in the M28 group, reaching a peak of 468 Ϯ 16 bpm (t* (752) ϭ 7.09, p Ͻ 0.01 vs the M28 group) in 1.5 h. This peak was followed by a slow decrease that reached values similar to those of the Saline group in the second part of the night.
The increase in Ta from 15 to 28°C induced a small decrease in MAP in the Saline group (from 103 Ϯ 3 to 92 Ϯ 4 mmHg after 3 h). In the M28 group, MAP significantly increased during the rewarming, reaching a peak of 116 Ϯ 2 mmHg (t* (752) ϭ 5.85, p Ͼ 0.01 vs saline) after 3.5 h and then decreased to stabilize at values similar to those of the Saline group. The MAP increase can be divided into two components: an early sharp increase and a late modest increase. The sharp increase was observed soon after the beginning of the rewarming and lasted for ϳ1 h (until T brain reached ϳ28°C), and was followed by a modest increase, which lasted until T brain reached normothermia. In the M37 group, only the early sharp increase in MAP was observed, with a magnitude that was even higher than that observed in the M28 group (125 Ϯ 4 mmHg, t* (752) ϭ 4.02, p Ͻ 0.01 vs M28 group), which was followed by a decrease that stabilized for the rest of the night at values that were often significantly higher than those of the Saline group. MAP values were still significantly higher when compared with those of the Saline group (t* (48) ϭ 4.96, p Ͻ 0.01 from 9:00 to 21:00; t* (48) ϭ 4.34, p Ͻ 0.01 from 21:00 to 9:00) and the M28 group (t* (48) ϭ 4.34, p Ͻ 0.01 from 9:00 to 21:00; t* (48) ϭ 4.11, p Ͻ 0.01 from 21:00 to 9:00) during Day 3. Finally, the increase in Ta from 15 to 28°C induced an increase in Total EEG power in both the M28 and in the M37 group, and such an increase was maintained at the levels of the Saline group during the rest of the night.
Effects of RVMM inhibition on the heat loss index
The effects induced by the inhibition of the RVMM neurons on the HLI are shown in Figure 4 . After the first injection of muscimol, T tail quickly increased from a pre-injection value of 22.8 Ϯ 1.2°C to a peak of 29.2 Ϯ 1.3°C (t* (120) ϭ 8.61, p Ͻ 0.01 vs Saline group), consequently inducing an increase in HLI from a preinjection value of 0.38 Ϯ 0.07 to 0.73 Ϯ 0.09 (t* (120) ϭ 8.63, p Ͻ 0.01 vs Saline group). After having reached the peak value, T tail progressively diminished for the 6 h injection period, paralleling the decline in T brain , while HLI remained constantly high for the entire period of muscimol delivery.
Effects of RVMM inhibition on behavioral and sleep parameters
Shortly after the first muscimol injection, animals showed a behavioral pattern that aimed to increase thermal dissipation, i.e., saliva spreading and open posture. This behavior may have been caused by the sudden rush of blood to the skin that would have activated cutaneous warm receptors. With the progressive lowering of T brain , no postural changes aimed at reducing heat loss were observed. At the T brain nadir, the animal appeared to be lethargic, presenting very little or no spontaneous movement. During the Recovery Day (Day 3), no major signs of abnormality were detected in any treated animal. All physiological parameters were back within the physiological range, and the wake-sleep cycle was substantially normal and normally distributed (ultradian and circadian oscillations were conserved).
The effects on sleep parameters induced by the inhibition of RVMM neurons are shown in Figures 6 and 7 . During the whole muscimol delivery period, the sleep states were unclassifiable according to the standard criteria, while clearly classifiable sleep reappeared in the rewarming phase soon after T brain approximated 35°C. As shown in Figure 5 , after the reappearance of classifiable sleep states, Delta power in NREM sleep quickly increased to a peak of 215 Ϯ 21% for the M28 group (t* (480) ϭ 9.11, M37 group M28 group Saline group 9:00 9:00 9:00 9:00 9:00 9:0017:00 Figure 6. Sleep homeostasis in suspended animation. Animals exposed to constant darkness and to an ambient temperature (Ta) of 15°C underwent a suspended animation state through repeated muscimol injections (black arrows at the top) followed by a rewarming period that was started by increasing Ta from 15 to 28°C (M28 group, gray-filled circles; n ϭ 7), or from 15 to 37°C for 1 h, returning to 28°C afterward (M37 group, black-filled circles; n ϭ 6). Top, The amount of REM sleeps, accumulated in the three experimental days by both M28 and M37 groups, remained significantly lower compared with that of the animals repeatedly injected with saline (Saline group, empty circles; n ϭ 6). In contrast, the accumulated amount of NREM sleep was significantly lower than that of the Saline group only for the M28 group. In Day 3 the M37 group accumulated less REM sleep and more NREM sleep than the M28 group. Bottom, Differences between the cumulative amount of REM sleep or NREM sleep in the M28 and the saline group, and the M37 and the saline group. These show that on Day 3 the M28 group produces the same amount of REM and NREM sleep as the saline group, while the M37 group produces less REM sleep and more NREM sleep than the saline group. p Ͻ 0.01 vs Saline group) and 196 Ϯ 17% for the M37 group (t* (480) ϭ 4.39, p Ͻ 0.01 vs Saline group; t* (480) ϭ 4.71, p Ͻ 0.01 vs M28 group), and in both muscimol groups it remained, for several hours, at a level that was significantly higher than that observed in the Saline group. During the same time window, Sigma power in NREM sleep and Theta power in wakefulness were similar among the three experimental groups. A transitory significant increase in Theta power in REM sleep was observed in the M28 group compared with the other groups after 3 h from the start of the rewarming.
As shown in Figure 6 , the amount of REM sleep lost during the hypothermic bout was not recovered either in the M28 group or in the M37 group. In fact, at the end of Day 3, in both muscimolinjected groups the relative cumulative amount of REM sleep was lower than that observed in the Saline group (M28: t (11) ϭ 2.28, p Ͻ 0.05; M37: t (10) ϭ 3.38, p Ͻ 0.01). During the hypothermic bout, NREM sleep was also lost. The M28 group did not compensate for the NREM sleep loss, showing a significantly lower cumulative amount of NREM sleep at the end of Day 3, compared with both the Saline (t (11) ϭ 3.56, p Ͻ 0.01) and the M37 group (t (10) ϭ 2.91, p Ͻ 0.05). On the contrary, the loss of NREM sleep at the end of Day 3 was not statistically significant when compared with the Saline group in the M37 group. During Day 3, the two differently rewarmed groups presented some subtle differences in their sleep patterns. In particular, as shown in Figure 6 , the M37 group seemed to express more NREM sleep and showed a tendency to lose more REM sleep compared with the Saline group, while this was not observed in the M28 group.
Effects of RVMM inhibition on the EEG spectrum
The effects on EEG spectrum induced by the inhibition of the RVMM neurons are shown in Figures 7 and 8 . The EEG spectrum was strongly affected during the muscimol injections. As shown in Figure 7 , the entire spectrum appeared to shift toward lower frequencies, with no activity in the high portion of the spectrum, similarly to what is described for naturally occurring torpor (Deboer, 1998, Strijkstra and Daan, 1998) . Almost no EEG activity was observed at the nadir of T brain . In particular the Theta band appeared to slow down, drifting into the Delta band boundaries. In the M28 group, the rewarming produced a marked power increase and a progressive acceleration of the "slowed" Theta band that rapidly returned to physiological levels. Delta power also appeared strongly increased after the normal occurrence of the wake-sleep states was recovered. In the M37 group, the slowed Theta band very rapidly returned within a physiological frequency range, but with no clear increase in power. Delta power was clearly potentiated, once sleep reappeared, after the normal occurrence of the wake-sleep states was recovered. The average changes in the EEG power spectrum and the apparent shift of the Theta peak during the cooling and rewarming of the animals are shown for the three experimental groups in Figure 8 .
Discussion
To the best of our knowledge, these results constitute the first demonstration that a spontaneous activity (SA) state can be induced in a nonhibernator through the inhibition of a specific brain area belonging to the efferent arm of the central nervous pathways for thermoregulatory cold defense. Previous attempts to induce an SA state (Scanlan et al., 2004; Blackstone et al., 2005; Gluck et al., 2006; Zhang et al., 2006) were based on the hypothesis that hibernation/torpor is caused by endogenous substances, which are able to interfere systemically with cellular metabolism (Andrews, 2007) . These attempts were successful in mice, a species that can enter torpor spontaneously under proper conditions (food deprivation and cold exposure) (Morhardt and Hudson, 1966) , but limitedly effective in nonhibernators (Haouzi et al., 2008 , Zhang et al., 2009 . Thus, these treatments may be effective due to their capacity to mimic the conditions that trigger spontaneous torpor as a behavioral response to a reduction in energy substrates. Our results strengthen the potential role of the CNS in the induction of hibernation/torpor, since CNS-driven changes in organ physiology have been shown to be sufficient in inducing and maintaining a SA state.
The deep hypothermia we observed was the result of an increase in thermal dissipation, as shown by the changes observed in the HLI, and a likely decrease in heat production (Morrison and Nakamura, 2011) . Thermal dissipation, although declining slightly for the reduction of the thermal gradient induced by the progressive body cooling, was maintained at a high level throughout the whole injection period, showing that RVMM inhibition could not be overrun by any ensuing thermoceptive input. Cumulative evidence suggests that VGLUT3 glutamatergic neurons (Nakamura et al., 2004) and serotoninergic neurons in the RVMM are key to a functional thermogenesis (Madden and Morrison, 2006 Morrison, , 2008 Morrison, , 2010 Ray et al., 2011) . Therefore, the decrease in heat production shown in our experiment could be . EEG power spectra. In animals exposed to constant darkness and an ambient temperature (Ta) of 15°C repeated injections (black arrows at the top) of muscimol (A, B) induced an evident shift of the EEG power spectrum toward slow frequencies, while repeated injections of saline (C; n ϭ 6) did not modify the EEG spectrum. The increase of Ta from 15 to 28°C (M28 group, B; n ϭ 7) or from 15 to 37°C for 1 h, returning to 28°C afterward (M37 group, A; n ϭ 6) induced a rapid shift of the EEG spectrum toward fast frequencies, followed by a large increase in the power of the Delta band. Also, the M28 group (B) showed during the rewarming period a sharp increase in the power of the part of the spectrum giving origin to the Theta band at the end of the rewarming period. No major effects were induced by rewarming in the Saline group. EEG power spectrum was normalized to the average total EEG power of Day 1. Values are given per seconds with a resolution of 0.25 Hz. The vertical dotted lines indicate the beginning of the rewarming period.
mediated by the inhibition of these neurons. Noticeably, the induced suspended animation state showed several similarities with the characteristics observed in nature during (hypothermic phase) or after the hypothermic bouts (rewarming phase).
Hypothermic phase
Changes in HR similar to our findings were observed in natural torpor (Elvert and Heldmaier, 2005; Swoap and Gutilla, 2009 ). In our case these are likely to have resulted from the withdrawal of an excitatory tone of RVMM neurons (Cao and Morrison, 2003) that could not be compensated by the intervention of either the hypothalamic paraventricular nucleus (Kc and Dick, 2010) or the rostral ventrolateral medulla (Morrison, 1999) . However, since HR reaches very low levels, it may be hypothesized that the hypothermia could by itself substantially contribute to this effect (Sabharwal et al., 2004) . Interestingly, cardiac arrhythmias, which represent a common complication of deep hypothermia (Johansson, 1996) , were not observed in the present experiment. In view of the hypothesis that these arrhythmias are caused by a concomitant activation of the sympathetic and the parasympathetic cardiac outflow (Shattock and Tipton, 2012) , this was probably due to a protective role exerted by the inhibition of sympathetic outflow.
Values of MAP remained stable for most of the injection period and diminished limitedly only in its last part. Similar changes have been observed during torpor in mice (Swoap and Gutilla, 2009 ). This confirms that RVMM neurons play a small role in MAP regulation (Morrison, 1999) .
Our data confirm that with the progressive fall in T brain , the EEG total power decreases (Walker et al., 1977 , Krilowicz et al., 1988 , Deboer and Tobler, 1994 and the EEG spectrum shifts toward slower frequencies (Deboer, 1998) . These EEG changes appear to be the consequence of the fall in brain temperature (Deboer and Tobler, 1995) , but the potential for the changes in EEG accompanying hypothermia to be mediated by medullary neurons with ascending projections or by RVMM-mediated changes in cerebral blood flow (Cetas et al., 2009 ) cannot be ruled out. In any case, the limited diffusion, if any, of muscimol to nearby areas can be inferred by the fact that no effects due to the inhibition of the rostral ventrolateral medulla, a key area in AP regulation close to RVMM, were observed.
Rewarming phase
During the active rewarming phase animals were exposed to a condition in which a cold core was confronted with a warm environment. This is similar to the active warming used in the treatment of accidental hypothermia, which may lead to a sudden drop in MAP due to the large dilatation of cutaneous vessels (Kempainen and Brunette, 2004) . However, in our experiment, both HR and MAP increased to a significantly high peak, closely mirroring the increase in T brain . This suggests that the increase in HR may depend not only on the reactivation of RVMM neurons, but also on the contribution of core temperature.
The powerful increase in Theta power observed during rewarming of the M28 group may be related to the degree of the thermogenetic effort (intense in the M28 group and very low or Figure 8 . Shift of the EEG power spectrum. In animals exposed to an ambient temperature (Ta) of 15°C, the EEG spectrum showed, during the cooling induced by muscimol injections (data from the M28 group (n ϭ 7), A-D), a progressive reduction of the main spectral components and a progressive shift toward slow frequencies. The rewarming at Ta 28°C (M28 group (n ϭ 7), E-H) induced an immediate large increase in the power of the main spectral component and a progressive shift of the spectrum toward fast frequencies. The rewarming at Ta 37°C for 1 h returning to 28°C afterward (M37 group (n ϭ 6), I-L) induced a progressive shift of the spectrum toward fast frequencies. EEG power spectrum is expressed as the 1 h average spectrum (0.25 Hz resolution) calculated at the time shown by the vertical line in inserts. Inserts show the average time course of deep brain temperature (T brain , filled circles) and Ta (continuous line) for a 12 h period (9:00 -21:00) during the Injection Day. Vertical dotted lines highlight the temperature-dependent shift in the peak of the EEG Theta band during cooling at Ta 15°C and rewarming at Ta 28°C and Ta 37°C.
absent in the M37 group). These data suggest that the hippocampal activity may be significantly modulated by a powerful sympathetic activation and that this may be a useful model for the study of cortical plasticity. Similarly to what has been observed in hibernators (Deboer and Tobler, 1996; Heller and Ruby, 2004) , soon after the hypothermic bout animals fell asleep. The NREM sleep was characterized by a large increase in Delta power, a result observed in hibernators (Trachsel et al., 1991; Berger, 1993; Kilduff et al., 1993) and shown to be inversely related to the temperature drop (von der Ohe et al., 2007) . The finding that Delta power increased less in the M37 group compared with the M28 groups is in line with the hypothesis that the thermogenic effort to regain normothermia could be a determinant, through a differential activation of the sympathetic outflow, of the magnitude of the Delta rebound. Whether such an increase in Delta power indicates that the hypothermic bout may or may not determine a period of sleep deprivation is still controversial (Strijkstra and Daan, 1998; Larkin and Heller, 1999; Palchykova et al., 2002) . In consideration of the reported changes in synaptic plasticity in natural SA (von der Ohe et al., 2006 (von der Ohe et al., , 2007 , the Delta rebound observed in our condition can be plausibility interpreted within the theoretical framework of the "synaptic homeostasis" hypothesis (Tononi and Cirelli, 2003) .
The presence of a Delta rebound is in contrast with the observation that the amount of REM sleep lost was apparently not recovered after the return to normothermia. This is in line with the finding that, following a hypothermic bout, hibernators show a REM sleep occurrence that is negatively correlated with the duration of hypothermia and no REM sleep rebound (Strijkstra and Daan, 1997) . REM sleep occurrence is known to be homeostatically regulated in different species on both a longterm (Parmeggiani et al., 1980; Franken et al., 1991; Cerri et al., 2005; Amici et al., 2008 ) and a short-term (Vivaldi et al., 1994) basis (Parmeggiani et al., 1980; Franken et al., 1991; Vivaldi et al., 1994; Cerri et al., 2005; Amici et al., 2008) . However, the total amount of REM sleep lost at the end of the Recovery Day was large and significant in both groups. The absence of a complete REM sleep recovery can be interpreted in two ways: (1) the process that monitors REM sleep debt was impaired during the hypothermic bout, implying that an unknown neuronal function monitoring the amount of REM sleep was impaired by the low brain temperature and (2) the need for REM sleep during the hypothermic bout was partially or totally curtailed, supporting the hypothesis of a reciprocal link between REM sleep and energy expenditure (Amici et al., 2008) .
Our data show that the CNS can drive, in different organs, the physiological changes that are sufficient in inducing and maintaining suspended animation state. In other words, CNS activity may start the process of lowering core temperature, the low temperature itself being able to maintain the concomitant reduction in metabolic rate. The large phenomenological similarities between the suspended animation induced in a nonhibernator and that naturally occurring in hibernators, suggest that in the latter the RVMM could be spontaneously inhibited by specific pathways belonging to a torpor-inducing network. This possibility supports the hypothesis that the capacity for suspended animation constitutes a common trait for all mammals (including humans; Magnifico et al., 2002) , which emerged in the phenotypes of some species according to different characteristics of evolutionary pressure (Geiser, 1998; Harris et al., 2004) .
In conclusion, the present study indicates that the apparent barrier of suspended animation induction (Haouzi et al., 2008 , Zhang et al., 2009 ) between hibernators and nonhibernators through a systemic interference with cellular metabolism (Scanlan et al., 2004; Blackstone et al., 2005; Gluck et al., 2006; Zhang et al., 2006) may be overcome and a new perspective may arise for the clinical application of hypothermia through CNS manipulation.
